A longstanding goal in biomedical research has been to create organotypic cocultures that faithfully represent native tissue environments. There is presently great interest in representative culture models of the lung, which is a particularly challenging tissue to recreate in vitro. This study used magnetic levitation in conjunction with magnetic nanoparticles as a means of creating an organized three-dimensional (3D) coculture of the bronchiole that sequentially layers cells in a manner similar to native tissue architecture. The 3D coculture model was assembled from four human cell types in the bronchiole: endothelial cells, smooth muscle cells (SMCs), fibroblasts, and epithelial cells (EpiCs). This study represents the first effort to combine these particular cell types into an organized bronchiole coculture. These cell layers were first cultured in 3D by magnetic levitation, and then manipulated into contact with a custom-made magnetic pen, and again cultured for 48 h. Hematoxylin and eosin staining of the resulting coculture showed four distinct layers within the 3D coculture. Immunohistochemistry confirmed the phenotype of each of the four cell types and showed organized extracellular matrix formation, particularly, with collagen type I. Positive stains for CD31, von Willebrand factor, smooth muscle a-actin, vimentin, and fibronectin demonstrate the maintenance of the phenotype for endothelial cells, SMCs, and fibroblasts. Positive stains for mucin-5AC, cytokeratin, and E-cadherin after 7 days with and without 1% fetal bovine serum showed that EpiCs maintained the phenotype and function. This study validates magnetic levitation as a method for the rapid creation of organized 3D cocultures that maintain the phenotype and induce extracellular matrix formation.
Introduction
A present challenge in biomedical research is the creation of in vitro organotypic models that faithfully represent native tissues, particularly, for the purposes of drug discovery. There is a large gap in complexity and in fidelity to native tissue properties between simple two-dimensional (2D) cell culture experiments and human tissues of interest, with animal models being the common bridge. However, there are many examples of drugs and treatments that show promise in vitro and in animal models, but do not show efficacy in humans, particularly, with treatments of respiratory disease. [1] [2] [3] As such, there is a demand for organotypic models, that combine multiple cell types, mimic the tissue structure, and recreate native function. Such models would allow for cost-effective drug discovery, toxicological testing, and the study of other biological phenomena at the higher orders of complexity and fidelity necessary for translation to use in humans.
Toward this goal, this study attempts to create a layered, organized, coculture model of lung tissue consisting of four cell types. Many cell types exist in the body either in proximity to, or in direct contact with, another cell type, and intracellular cell signaling is important for regulating cell behavior. Cocultures leverage the presence and intracellular signaling between cell types, facilitating the study of heterotypic interactions, or for other uses, such as the promotion of stem cell differentiation. 4 Although the need for cocultures clearly exists, there are limiting factors in creating complex and organized cocultures using existing cell culture techniques. Traditionally, cell culture has been performed on 2D surfaces, and the bulk of knowledge in cell biology today comes from discoveries made via conventional 2D cell culture. Attempts at 2D cocultures, which can be generalized as the transfer of signals between two exclusive cell monolayers, have included either the direct transfer of conditioned media between culture vessels, 5, 6 mixed cultures, 6 ,7 a shared culture environment, 8 or microfluidics. [9] [10] [11] [12] However, 2D cell cultures, in general, are limited in their capability to replicate the molecular gradients, 13 substrate stiffness, [14] [15] [16] and the spectrum of cell-cell and cell-matrix interactions [17] [18] [19] observed in living tissue. As a result, there exists a need to create more representative environments using three-dimensional (3D) cell culture, toward which biological research has moved. Three-dimensional cell culture techniques offer the ability to control shape, structure, and biochemical environment, allowing researchers to conduct experiments at higher orders of complexity than those available in 2D. 13, 14, 17, 18, 20, 21 Three-dimensional cell culture techniques generally depend on promoting direct cell-cell interactions, using cell aggregation techniques like spheroids and pellet cultures, 22, 23 or cell-matrix interactions, either with protein gels [24] [25] [26] or synthetic polymer scaffolds. 27, 28 When used for coculture, 3D approaches have varied, including the formation of spheroids with multiple cell types, 29 encapsulated protein gels seeded with multiple cell types, 30 or hybrid methods of 3D cultures and monolayers. 31 In general, these methods have been successful in creating improved in vivo-like conditions, yet these methods often lack the spatial control necessary to organize cells into complex organotypic models that recapitulate tissue environments.
The model of choice for this study is the bronchiole, the downstream airway branches located proximal to the alveoli, which consists of four distinct cell types: epithelial cells (EpiCs), smooth muscle cells (SMCs), pulmonary fibroblasts (PFs), and pulmonary endothelial cells (PECs). 32 There has been interest in creating lung coculture models because of potential applications to more complex studies of inflammatory and toxicological effects of particulate matter and inhalants, and airway remodeling. 12, 33, 34 Cocultures have been regularly used in respiratory research; for example, porous membranes, such as Transwell membranes, between different cell types are used to promote cell-cell communication. 12, [35] [36] [37] [38] Some models focused on both recreating the extracellular matrix environment and also culturing at the air-liquid interface, but those cultures were limited by the use of simple protein gel solutions, such as collagen or Matrigel, that were not truly representative of lung tissue and did not contain all four cell types. 34, [39] [40] [41] [42] [43] [44] Thus, there is a need for a 3D model of the lung that mimics the native extracellular matrix with all of its cell types.
To create the lung coculture model reported here, we used magnetic levitation to assemble an organized structure. Magnetic levitation is based on the use of a nanoparticle assembly consisting of poly-L-lysine (PLL),* magnetic iron oxide (MIO; Fe 3 O 4 , magnetite), and gold nanoparticles that self-assemble into networks based on electrostatic interactions. [45] [46] [47] [48] [49] Cellular uptake of the biocompatible nanoparticles renders the cell magnetic, allowing for magnetic manipulation of cells; in particular, cells in a culture dish can be levitated to the air-liquid interface with the application of a low-magnitude magnetic field (50-300 G), making it seemingly ideal for respiratory research applications. These cells interact, self-assemble, and proliferate without the need or influence of an artificial extracellular matrix; for example, magnetically levitated human glioblastoma cells showed greater proliferation and protein expression when they were magnetically levitated than when they were plated in 2D. 49, 50 This technique has also been used to assemble models of cardiac SMCs, 51 as well as cocultures of endothelial cells with adipose stem cells with in vivo-like vascular endothelial and adipose architecture. 52 These attributes make magnetic levitation an attractive method for creating 3D multitype cocultures. For this study, as a proof of concept, we recreated the bronchiole wall from airway to circulation; this study is the first effort of its kind to coculture these particular four cell types together in a layered assembly, although it is not the first to put four cell types in coculture together. 38, 53, 54 Lung cocultures were assembled and levitated using a sequential layered assembly technique to culture for 2 and 7 days. For 7-day cultures, 1% fetal bovine serum (FBS) was added to the medium to determine whether serum could be used for culture, while maintaining the EpiC phenotype. Histology and immunohistochemistry were performed to demonstrate the layered structure of the combined coculture, verify the phenotype of the constituent cell types, and track extracellular matrix formation.
Materials and Methods

Cell culture
All cell types in this study were primary human cells (ScienCell Research Laboratories) and cultured in a humidified environment (37°C, 5% CO 2 ) with media changes every other day.
For PEC (human pulmonary microvascular endothelial cells; ScienCell Research Laboratories) culture, before PECs were seeded, tissue culture polystyrene (TCPS) flasks and glass slides were first coated with a 2.5% gelatin (MP Biomedicals) solution in 1:1 (v/v) dI H 2 O:phosphate-buffered saline (PBS, pH = 7.4) that was autoclaved before coating. 55 The gelatin solution was sterilized for 1 h under ultraviolet light at room temperature. Before seeding with cells, an excess coating solution was aspirated from the surface. PECs were cultured in specialized media (ScienCell Research Laboratories) that contained 2% FBS. These cells were expanded to their third passage before use.
Similarly, for EpiC (human bronchial epithelial cells; ScienCell Research Laboratories) culture, TCPS flasks and glass slides were coated with a 10 mg/mL PLL (Sigma-Aldrich) solution in PBS, for a final concentration of 2 mg/cm 2 of cell culture surface area. The PLL solution was sterilized on the tissue culture surface for 1 h under ultraviolet light at room temperature. An excess coating solution was aspirated off the surface before the surface was seeded with cells. EpiCs were cultured in a specialized medium (ScienCell Research Laboratories) with no serum and expanded up to its third passage before use.
Both PFs (human pulmonary fibroblasts; ScienCell Research Laboratories) and SMCs (human tracheal smooth muscle cells; ScienCell Research Laboratories) were cultured on uncoated TCPS flasks using the Dulbecco's modified Eagle's medium (Mediatech) with 10% bovine growth serum (Hyclone) for PFs, and specialized media for SMCs (ScienCell Research Laboratories) with 2% FBS. For 2D *A previous version of the nanoparticle assembly included bacteriophage displaying RGD-4C, which targets av integrins, but has since been replaced with PLL due to concerns of contamination with foreign biological molecules.
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immunohistochemistry, these two cell types were grown on PLL-coated glass slides, which were coated similarly to the glass slides coated for EpiCs. Both cell types were expanded up to their fifth passage before use.
Magnetic levitation
All 2D cultures of each cell type were converted into 3D cultures using the Bio-Assembler Kit (Nano3D Biosciences) (Fig. 1 ). Cells were grown in 2D to 75%-80% confluence, at which point, they were treated with an MIO-based nanoparticle assembly (NanoShuttle; Nano3D Biosciences) at a concentration of 8 mL/cm 2 of cell culture surface area or 50 mL/mL media and incubated overnight. The next day, treated cells were enzymatically detached with trypsin and resuspended in either 2 mL of their own media in a Petri dish or 400 mL per well in a 24-well low-adhesion plate (Corning). A neodymium magnet was immediately placed on top of the plate to levitate the cells to the air-liquid interface (field strength: 300 G for Petri dish, 50 G for 24-well plate). Threedimensional monotype cultures were levitated for 48 h before fixation.
Coculture assembly
After treatment overnight with NanoShuttle, SMCs, PFs, PECs, and EpiCs were individually detached from the flasks with trypsin and levitated concomitantly for 4 h in either a 24-well plate (200,000 cells each cell type) or in a Petri dish (2 million cells each cell type) (Fig. 2 ). Once each cell type was levitated, a Teflon pen (0.1875 † OD) with a rod magnet inside was used to pick up each cell type sequentially; first EpiCs, then SMCs, then PFs, and then PECs. This coculture of all four cell types is designated the bronchiole coculture (BCC). After assembly, the BCC, still attached to the pen, was submerged in serum-free EpiC media, and left to adhere on the pen for 4 h. Afterward, the rod magnet was removed from the pen, and another magnet was placed underneath a well filled with fresh EpiC media to remove the BCC from the Teflon pen and hold it in place. The plate was covered and the magnet was moved from underneath to atop the well, re-levitating the BCC in EpiC media. The BCC was levitated and cultured for 2 and 7 days. Seven-day cultures were either cultured with and without 1% FBS (see Supplementary Fig. S1 ; Supplementary Data are available online at www.liebertpub.com/tec).
FIG. 1.
Schematic of magnetic levitation in a Petri dish (left) and a 24-well plate (right). NanoShuttle is added to the culture vessel at 75%-80% confluence, and incubated with the NanoShuttle overnight for uptake. The next day, the cells are detached from the flask and resuspended in 2 mL of media in a Petri dish, or 400 mL of media in a 24-well plate. The cells are levitated to the air-liquid interface by placing a neodymium magnet above the dish or well. Bottom from left to right: a levitated construct; a bird's eye view of the construct and its size; a 24-well plate with a customized magnetic lid for magnetic levitation; and levitated cell constructs in a 24-well plate. Color images available online at www.liebertpub.com/tec
Histology and immunohistochemistry
After levitation, 3D cultures were fixed in 4% paraformaldehyde for a minimum of 5 h. BCCs assembled in Petri dishes were paraffin-embedded for histology and immunohistochemistry. The same Teflon pen used for BCC assembly was used to pick up the BCC and keep it intact during processing. The BCCs were then gradually dehydrated in increasing concentrations of ethanol, and then xylene in 15-min steps, before being embedded in paraffin and sectioned according to standard procedures. Hematoxylin and eosin (H&E) was used to stain cell nuclei (purple) and proteins (pink). BCCs assembled in 24-well plates were not embedded in paraffin and instead subjected to whole-mount immunohistochemistry.
Immunohistochemical staining was performed to detect particular phenotypic markers and extracellular matrix proteins. The phenotypic antigens investigated were smooth muscle a-actin (Abcam) and vimentin (Millipore) for SMCs, fibronectin (Abcam) for PFs, and von Willebrand factor (Abcam) for PECs, mucin-5AC (Abcam), cytokeratin-19 (Abcam), and E-cadherin (Invitrogen) for EpiCs. The extracellular matrix antigens were collagen type I (Abcam) and laminin (Abcam). N-cadherin (Invitrogen) was also stained for.
Antigen retrieval was performed using a citrate buffer solution (10 · Antigen Decloaker; Biocare Medical) for 30 min at 80°C. For laminin, sections were further pretreated using 600 U/mL bovine testicular hyaluronidase (Worthington Biochemical) at 37°C for 15 min. After antigen retrieval, the sections with intracellular antigens were permeabilized using 0.2% Triton X-100 for 15 min. All sections were blocked using a donkey serum buffer (DSB, 1% donkey serum in PBS; Hyclone). Experimental sections were stained with the particular antibodies of interest at the manufacturer's recommended dilution in PBS with 1% bovine serum albumin. Negative controls were incubated with DSB during this time. All sections were washed and incubated with a fluorescent secondary antibody (AlexaFluor 488/555/633; Invitrogen) to the animal of the primary antibody. The sections were washed again and counterstained using 4¢,6-diamidino-2-phenylindole (DAPI; KPL). For whole-mount immunohistochemistry, BCCs and 3D EpiC cultures were then stained similarly in a 96-well plate, but handled differently. Magnets were placed below the plate to magnetically hold the 3D cultures to the bottom, allowing for solutions to be added and removed. The Teflon pen for BCC assembly was used to transfer BCCs from well to well. For immunocytochemistry, 2D culture slides were fixed for 15 min in 4% paraformaldehyde, and then washed twice in PBS. Slides were then stained similarly to 3D sections starting with the permeabilization step.
FIG. 2.
Schematic of coculture assembly. Each individual cell type was grown to confluence and magnetically levitated to the air-liquid interface, with a cell number of either 2 million for Petri dishes, 200,000 for 24-well plates. After 4 h of levitation, a Teflon pen with a rod magnet inside was used to sequentially pick up the levitated cells: first epithelial cells (EpiCs), then smooth muscle cells (SMCs), pulmonary fibroblasts (PFs), and pulmonary endothelial cells (PECs). The pen, with the bronchiole coculture (BCC) attached to it, was submerged in EpiC media for 4 h. The BCC was removed off the pen by removing the rod magnet and using a neodymium magnet underneath the dish or well to bring down the BCC. A magnet is placed above the dish or well to re-levitate the BCC to the air-liquid interface. Color images available online at www.liebertpub.com/tec 4 TSENG ET AL.
Fluorescent images were captured using an upright fluorescent microscope (Axio Imager Z2; Zeiss) and a confocal microscope (LSM 510 META NLO; Zeiss), while all other histology slides were imaged using an inverted light microscope (DM LS2; Leica Microsystems). Images were processed using ImageJ image processing software (NIH). All images of antigens stained in the same session with the same emission wavelength were processed identically by subtracting the background, and then enhancing the contrast based on the most intense image of the set. For DAPI counterstains, the same processing was conducted, except that the contrast was enhanced regardless of a secondary filter or staining session.
Results
The four cell types of the bronchiole (EpiCs, SMCs, PFs, and PECs) were levitated and assembled into the BCC containing all cell types. Both the application of NanoShuttle and exposure to the magnetic field had a minimal effect on the proliferation and inflammatory responses of all four cell types (see Supplementary Figs. S2-S4 ).
All cell types were individually levitated to the air-liquid interface successfully (Fig. 3 ). There were differences in structural integrity between the 3D monotype cultures; monotype PF and SMC cultures levitated in a Petri dish remained intact with the removal of the magnetic field, whereas monotype EpiC and PEC cultures levitated under the same conditions were less structurally robust and could break apart during routine handling. Both 3D cultures made in 24-well plates with smaller cell numbers (200,000 cells) and lower media volumes (400 mL), as well as cultures made in Petri dishes with larger cell numbers (2,000,000 cells) and higher volumes (4 mL), did not lose the structure with the removal of the magnetic field. Thus, all four cell types were levitated together for 4 h before assembly of the coculture.
Regardless, each monotype 3D cell culture could be picked up using the magnetic pen and transferred with minimal difficulty. The BCC maintained its structure when the magnetic field was removed and when transferred.
The BCC showed regional differences in the cell morphology and extracellular matrix content (Fig. 4) . As demonstrated by the color of the H&E stain, cell morphology, and the distribution of NanoShuttle, it was possible to see the distribution of the four cell types, which were present in a relatively layered, organized fashion, starting from one surface to the other. There were no clear boundaries between layers, which suggest that there was integration between the different cell types at the interfaces. As assembled, the PECs formed a thin layer at one surface of the BCC and was characterized by a high NanoShuttle density and elongated MAGNETICALLY LEVITATED 3D COCULTUREScell morphologies. Above the PEC layer were the PFs, which were apparent with a darker magenta stain, and formed a thick layer of the extracellular matrix. The next layer was a mixed zone, in which SMCs, colored light pink, aggregated into masses showing highly elongated cell morphologies and low NanoShuttle density, and was surrounded by globular cells, which appeared to be PFs by their color. At the opposite surface of the BCC were the EpiCs, which formed a thin one-to two-cell thick layer.
Immunohistochemical staining for phenotypic markers in each cell type was positive in both the 3D cultures of the individual cell types and the BCC (Fig. 5) . The positive FIG. 5. Immunohistochemical stains (red) for von Willebrand factor, smooth muscle a-actin, fibronectin, vimentin, collagen type I, and laminin of the BCC, and three-dimensional (3D) mono-type cultures and two-dimensional (2D) cultures (PECs for the von Willebrand factor, SMCs for smooth muscle a-actin and vimentin, PFs for fibronectin, collagen type I, and laminin). Nuclei were counterstained with DAPI (blue). This BCC was assembled in a Petri dish with 2 million cells per cell layer, and fixed after 2 days of culture. Phenotypic markers follow an organized structure within the BCC, with some staining of von Willebrand factor in the center, suggesting migration of PECs to the center. The BCC demonstrates organized extracellular matrix formation, with collagen type I, in particular, forming a thick layer at one edge. Scale bar = 100 mm. DAPI, 4¢,6-diamidino-2-phenylindole. Color images available online at www.liebertpub.com/tec 6 TSENG ET AL.
phenotypic stains generally followed the organized distribution of the cells shown in the H&E stain. Interestingly, von Willebrand factor, which is characteristically produced by PECs, positively stained in the center of the BCC. Compared to the staining of cells grown in 2D, the cells in 3D cultures appeared smaller in size, more globular in shape, and more densely packed (Fig. 5 ). BCCs and 3D EpiC cultures were also positive for epithelial phenotypic markers such as mucin-5AC, cytokeratin, and E-cadherin, as well as N-cadherin after 2 days, and 7 days of culture with and without 1% FBS (Fig. 6) . Monotype 3D EpiC cultures were generally lacking in structure and cellularity compared to the other cell types. The BCCs also stained positive for Ki67 (see Supplementary  Fig. S5 ). Extracellular matrix components, such as collagen type I and laminin, also stained positively in the BCC and in 3D monotype culture, as opposed to the 2D stains, in which these matrix proteins were faintly stained and localized with the cells (Fig. 5) . In the BCC, collagen type I was in abundance within the PF layer underneath the PEC layer. In contrast, fibronectin and laminin stained uniformly throughout the thickness of the BCC. Monotype 3D cultures alone were able to produce the extracellular matrix, as demonstrated by the positive stain for collagen type I in PF cultures (Fig. 5) , as well as positive laminin stains in PF and SMC cultures with under 6 h of levitation (see Supplementary Fig. S6 ). This positive laminin stain in 3D cultures stands in stark contrast to the nonpermeabilized immunocytochemical stains in 2D, where laminin did not stain positively until 48 h (see Supplementary Fig. S7 ).
Discussion
In this study, we used magnetic levitation to construct a multitype 3D coculture model of the bronchiole wall. Magnetic levitation was recently developed as a simple and FIG. 6. Immunohistochemical stains (red) for mucin, cytokeratin, E-cadherin, and N-cadherin of the BCC after 2 days, 7 days with and without fetal bovine serum, and 3D mono-type cultures and 2D cell culture of EpiCs after 2 days. Nuclei were counterstained with DAPI (blue). These BCCs were assembled in a 24-well plate with 200,000 cells per cell layer. The positive stains for these markers demonstrate the maintenance of the epithelial cell phenotype and function after 1 week of culture, as well as the ability to maintain the epithelial phenotype with serum. There is a stark difference in the staining intensity and pattern of mucin between 2D and 3D cultures. Positive staining for N-cadherin demonstrates the cell-cell interaction within the BCC. Scale bar = 100 mm. Color images available online at www.liebertpub.com/tec flexible method for creating 3D cell cultures. 49 The advantages of using magnetic levitation to create cocultures are numerous: (1) the use of PLL in the NanoShuttle makes this method broadly applicable to most cell types, (2) the small amount of additional supplies (nanoparticle assembly, neodymium magnets) to create these cultures makes it a costeffective transition between 2D and 3D cell cultures, (3) magnetic manipulation allows for spatial control, (4) better proliferation and in vivo-like protein expression than 2D cultures, 49 and (5) easy postculture manipulation and wholemount immunohistochemistry by holding cultures to the well bottom.
In this work, we sought to broaden the application of magnetically levitated 3D cell cultures to construct a 3D BCC of four cell types (EpiCs, SMCs, PFs, and PECs). This study represents the first effort to combine these particular cell types together in a layered coculture. It took *8 h to assemble the BCC from 2D individual cell cultures. Immunohistochemical and histological staining showed that the phenotype of each cell type was maintained, and that the various cell types were organized in a structure similar to the native bronchiole. Mucus production and secretion by EpiCs, as shown by positive mucin-5AC staining, was maintained in the BCC after 7 days, with and without 1% FBS, indicating the maintenance of the epithelial function. In addition, the positive stains for collagen type I, fibronectin, and laminin demonstrated that the BCC induces the production of a densely organized extracellular matrix, in contrast to the negligible amount of extracellular matrix produced in 2D.
Extracellular matrix production was highly organized in the BCC, particularly collagen type I, which is abundant in the native lung 56 and formed a thick layer close to one surface of the BCC. Monotype 3D cultures of PFs and SMCs also formed organized laminin structures within hours (see Supplementary Fig. S6 ). This pattern suggests that PFs and SMCs actively contribute to extracellular matrix synthesis and organization. Indeed, a comparison of permeabilized and nonpermeabilized immunohistochemical stains of 3D PF and SMC cultures appears to suggest that these cells are not just extruding existing intracellular laminin into the extracellular space, but actively producing it (see Supplementary  Fig. S8 ). Thus, this model has great potential for research into airway remodeling associated with asthma. [57] [58] [59] That these cell types alone can create an intact matrix merits further investigation into the genesis and progression of matrix formation in the lung, and the importance of their interactions with other cell types in this process. It is also worth noting that the discovery of the potential of PFs and SMCs alone to generate the extracellular matrix would not have been possible in 2D, since in 2D stains, positive collagen type I and laminin stains localized around the cell. In addition, the organic production of the extracellular matrix within the BCC highlights the advantage of magnetically levitated 3D culture of achieving a complex model of the lung without the use of protein gel substrates. Indeed, the ability of this method to induce the matrix and basement membrane formation validates the utility of magnetic levitation in creating more representative tissue environments.
BCCs assembled in a 24-well plate demonstrated basic epithelial phenotype and function by the positive wholemount immunohistochemical stains of mucin-5AC, cytokeratin-19, and E-cadherin after 7 days. Mucus production was much higher in the BCC than monotype 3D and 2D EpiC cultures. In addition, 2D EpiC cultures were observed to have a lower cellularity, and were more delicate and difficult to handle. That the BCC had a stronger expression of EpiC phenotypic markers than monotype 3D EpiC cultures suggests the need for at least a second cell type to coculture with EpiCs to maintain cellularity and their phenotype. Indeed, EpiCs have been shown to be modulated by fibroblasts. 60, 61 Together, these results demonstrate the value of this model in creating representative models of the bronchiole.
A design limitation to cocultures is the choice of media, which is critical to ensure the maintenance of all cell phenotypes and their survival, as EpiCs are the most sensitive cell types to serum. However, 7-day cultures with 1% FBS added maintained the EpiC phenotype, suggesting that longterm cultures with serum can be accomplished. Future research into the BCC or a model that utilizes the technique presented must focus on the optimization of media and serum concentration for the purpose of promoting the growth of all cell types, while maintaining phenotypes.
This study also introduced the use of a 24-well plate for magnetic levitation instead of the Petri dish. 49 Assembling the BCC in a Petri dish required large cell numbers, and whose size did not always translate into structurally sound 3D cultures, as evidenced by the breakdown of the PEC and EpiC culture structure with the removal of the magnetic field. As a result, the timing of assembly was affected, which was set to balance the integration of the cell layers with the levitated cell yield. However, in the 24-well plate design presented, less cells, less media volume, and a weaker magnetic field allowed for the creation of structurally sound structures. This simple design could be further expanded to utilize other size well plates, like 96-well plates, allowing for high-throughput research. This magnetically levitated model compares well with the most advanced lung tissue model in literature, which was a three-cell-type model of lung PFs, SMCs, and small airway EpiCs that was designed to study airway remodeling. 34 Briefly, this previous model employed cylindrical collagen gels embedded with PFs, and then seeded with bronchial EpiCs on the lumen side and SMCs on the exterior side. This coculture was then loaded into a bioreactor to mimic mechanical stimulation and air environment. The collagen gel construct took 2-3 weeks to assemble, and was cultured for over 60 days, during which time, the PF phenotype transitioned from contractile to quiescent. 34 Both this previous model and the BCC were exposed to the air-liquid interface; for the collagen gel coculture, a bioreactor pushed air through and across the surface of the collagen gel, while this current study used a magnetic field to bring the BCC to the air-liquid interface. The main difference between the two models lies in the time and method of assembly. Rather than seeding surfaces and requiring long incubation, magnetic levitation allowed for a modular layered approach to coculture assembly that took only hours. The BCC demonstrated relevant extracellular matrix formation and maintained the cell phenotype in significantly less time and without the need for a protein gel substrate. Previous studies of magnetically levitated 3D cultures demonstrated that 3D cultures of human glioblastoma cells could be maintained for at least 8 days, 49 with longer culture times past 7 days possible. Another distinction between this BCC and the collagen 8 TSENG ET AL.
gel model is the inclusion of PECs, whose role in promoting angiogenesis in asthma is a potential research topic of interest. 59 Overall, the BCC assembled in this study is a viable 3D coculture of the four cell types of the lung that can be easily assembled and studied within a short period of time.
It is also important to note that this study serves as a proof of concept, in which the BCC can be made with magnetic levitation. The BCC assembled here maintains the basic EpiC phenotype and function, as indicated by the positive stains for mucin-5AC, cytokeratin, and E-cadherin, and induces extracellular matrix formation, as shown by the presence of collagen type I and laminin. Further studies will need to be conducted to optimize cellular behavior, before progressing toward more complex mechanistic studies using this model.
In conclusion, the presented data demonstrate the utility of magnetic levitation as a tool to create layered and organized cocultures. The BCC was assembled in hours, and exhibited extracellular matrix formation and maintenance of phenotype up to 7 days. The BCC could be used in the future to investigate inflammatory responses, angiogenesis, and airway remodeling. Magnetically levitated cocultures, in general, are simple to assemble, and their versatility bodes well for future applications of 3D cell culture in other complex tissue systems.
